the political will to adequately study and monitor them. This problem afflicts both developed and developing countries, but it is especially acute for the latter. The greatest advances in volcanic hazards mitigation in the near future are most likely to be achieved by wider application of existing technology to poorly understood and studied volcanoes, rather than by refinements or new discoveries in technology alone.
INTRODUCTION

AND HISTORICAL PERSPECTIVE
Most of the Earth's crust is of magmatic origin, attesting to the enormous role that volcanic and related magmatic processes have played in forming the outermost solid rind of our planet. In addition, the distribution of volcanoes, past and present, can be closely linked to the dynamics of the crust and mantle within a plate tectonics context. Some foreign rock fragments (called "xenoliths") contained in eruptive products represent the deepest samples of the Earth's interior that have been recovered to date from any drill hole. Thus it is hardly surprising that many geoscientists work in terranes or on research topics directly or indirectly associated with volcanic rocks. Yet within the geoscience community, relatively few specialize in volcanology, the study of the transport and eruption of magma [Sigurdsson, 1987] , with emphasis on active or potentially active volcanoes [Tilling, 1987a] .
Of the more than 1300 volcanoes known to have erupted in Holocene time, about half are classified as active (i.e., those that have erupted in recorded history). On average, about 50 of these volcanoes erupt each year, an eruption frequency that appears to be obtained for all historical time [Sirekin et al., 1981] . Individual volcanoes, however, may remain in repose for many centuries or even millennia and thus may be classified as dormant (i.e., could become active again) or extinct (i.e., not expected to erupt again). The shortcomings of pigeonhole classification are evident; in a general way, the longer the period of intereruption repose, the more energetic the next eruption. Some of the Estimates suggest that the average U.S. citizen is much more likely to die from coronary arrest while shoveling snow or from a lightning strike than from either an earthquake or a volcanic eruption [White and Haas, 1975 , Figures 3 and 4] . Nonetheless, since the year 1000, more than 300,000 people have been killed directly or indirectly by volcanic eruptions (Table 1) , and at present, about 360 million people (about 10% of the world's population) live on or near potentially dangerous volcanoes [Peterson, 1986, Table 15 .1]. The circum-Pacific region, because it contains most of the world's active volcanoes and densely populated countries, has faced, and still faces, a disproportionately high risk, in terms of economic loss and human deaths, posed by volcanic and related hazards [Simkin and Siebert, 1984; Blong, 1984] .
Direct and Indirect Hazards
The types and nature of volcanic and associated hazards have been well described [e.g., Macdonald, 1975 (Table 2) is presented here; all examples of hazards given involved human fatalities and/or destruction of property. It should be emphasized that an eruption commonly produces multiple hazards. For example, the May 18, 1980, eruption of Mount St. Helens included a debris avalanche, a laterally directed blast, mudflows, pyroclastic flows and surges, steam blast ("phreatic") explosions, and tephra fall [Christiansen and Peterson, 1981] . Of these, the avalanche, directed blast, and mudflows caused most of the deaths and devastation.
Some terms in this paper may be unfamiliar to some readers. "Pyroclastic" ("fire-broken" in Greek) describes fragmented molten lava and/or solid rock expelled during explosive eruptions. Highly explosive eruptions are called "plinian," after Pliny the Elder, who was killed during the A.D. 79 eruption of Vesuvius. "Tephra" refers to airborne fragmental volcanic ejecta of any size; "ash" is tephra with grain size less than 2 mm. "Lahar," an Indonesian term, describes volcanic debris flows (including "mudflows"), which are slurries of volcanic debris and water that can vary widely in proportion. A debris flow is considered "primary" if it is triggered by eruptive activity, most commonly by melting of snow and/Or ice by hot volcanic materials, and "secondary" if caused by noneruptive processes, most commonly by heavy sustained rainfall in terrain underlain by unconsolidated volcanic deposits. •'.
•6kulhlaups" (an Icelandic term), also called "glacier bursts," are periodic highdischarge floods of subglacial water, caused most commonly by volcanic or geothermal activity but sometimes by purely glaciological processes.
Of the direct hazards, lava flows are typically associated with nonexplosive to mildly explosive outpourings of fluid lavas (e.g., basaltic to basaltic andesite), such as those produced at Kilauea and Mauna Loa (Hawaii), Etna (Sicily), and Piton de la Foumaise (Reunion Island, Indian Ocean). Most other direct hazards are linked with explosive eruptions of steep-sided composite volcanoes. Excellent descriptions of pyroclastic processes and products characteristic of explosive eruptions are given by Fisher and Schmincke [1984] . Of the indirect hazards, secondary mudflows, atmospheric effects (shock waves and electrical discharges), and magma-induced earthquakes and ground dislocations are common but the least severe.
In terms of human fatalities, the indirect hazards of tsunami and eruption-caused famine are as significant as the direct hazards of pyroclastic flows and primary mudfl0ws (Table 1) .
Hazards, Risks, Disasters, and Crises
The distinction between the terms "hazards" and "risks" and the terms "disasters" and "crises" is commonly blurred; in particular, hazards and risks are sometimes used synonymously. In this paper an attempt will be made to use these terms consistently with the following definitions, adapted in part from Fournier d'Albe [1979] andNewhall [1982] : 1. Hazard is the volcanic phenomenon that poses a potential threat to persons or property in a given area Tilling 
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: within a given period of time; if sufficient data exist, a probablility should be assigned to a potential hazard.
2. Risk is the probability of a loss (such as life, property, productive capacity, etc.) within an area subject to volcanic hazards. Assessment of risk involves the consideration of the relation risk = (value) x (vulnerability) x (hazard), where value may include the number of lives threatened, the economic worth of property, civil works, and productive capacity, and vulnerability is a measure of the percentage (0 to 100%) of the value likely to be lost in a given hazardous event.
3. Disaster is an event that is marked by the significant loss of value (as defined above) resulting from volcanic and related hazards.
Crisis is a situation during which a volcano shows
signs of instability or unrest, interpreted to augur impending eruptive activity and associated hazards. A crisis may or may not culminate in a dangerous eruption, but it always causes anxiety and/or socioeconomic disruption among the populace affected. MITIGATION 
OF VOLCANIC RISK
As emphasized by Tilling and Bailey [1985] , the effective mitigation of volcanic risk builds from a foundation of long-term basic research on volcanoes, inactive as well as active (Figure 1 ). An improved knowledge of "how volcanoes work," the focus of a recent international symposium [Tilling, 1987b [Tilling, , 1988a , is the common point of departure for all volcanic hazards studies.
Specifically, five elements are essential to mitigate the risk from volcanic and related hazards: (1) identification of high-risk volcanoes; (2) hazard identification, assessment, and zonation; (3) volcano monitoring and eruption forecasting; (4) engineering-oriented measures; and (5) volcanic emergency management.
Identification of High-Risk Volcanoes
Of the some 600 active volcanoes known in the world, only a small fraction of them have been, or are being, studied in detail. Economically and scientifically developed countries lack sufficient resolve to study and monitor all of the active or potentially active volcanoes within their borders; the situation is even more acute for the developing countries, which contain most of the world's explosive volcanoes, many in densely populated regions. Nonetheless, identification of high-risk volcanoes is required to determine which ones should receive the most attention by scientists and public safety officials, within the limitations of whatever resources may be available. volcanic hazards mitigation must be built on a strong foundation of basic studies, followed by successively more specialized investigations to prepare hazards zonation maps and to predict the future behavior of the volcano. The apex is separated from such lists utilize rating criteria involving some or all of the following factors: (1) frequency, sites, and nature of recorded historical eruptions; (2) information on recent prehistoric eruptions as inferred from mapping and dating studies; (3) known ground deformation and/or seismic events ("earthquake swarms"); (4) nature of eruptive products as possible indicators of explosive potential; and (5) various demographic determinants, such as population density, property at risk, and fatalities and/or evacuations resulting from historical volcanic disasters or crises.
Attempts
In Hazards assessments are generally predicated on the assumption that the same general areas on a volcano will most likely be affected by the same kinds of eruptive events at about the same average frequency in the future as in the past. Obviously, this assumption may not always be complete. The eruptive behavior, vent locations, and topography of a volcano all may change with time. Moreover, for many volcanoes the period for which the eruptive record and behavior is known may be too short to "capture" infrequent but potentially high magnitude events. The longer the period spanned by the data base used to reconstruct past eruptive behavior, the more useful and reliable the hazards assessment is, if the volcano has not changed its "style."
Hazards zonation maps at appropriate scales should be an integral part of a hazards assessment, because they portray the pertinent information in a summary fashion readily understood by land use planners and decision makers as well as by scientists. This cartographic representation of hazards zonation can vary widely, depending on the specific hazards in question, and is discussed in detail by Crandell et al. [1984] . Figure  1] ). The development of more effective emergency management of volcanic and other natural hazards transcends scientific issues per se and must, in the final analysis, be addressed by decision makers within a framework of other societal concerns (Figure 1) . However, geoscientists could and must do much more in working toward improved volcanic emergency management.
PROGRESS IN HAZARDS MITIGATION STUDIES
During recent years, considerable progress has been made in understanding how volcanoes work, such as magma supply and delivery systems, eruption frequency and dynamics, and eruptive processes and products [Self and Francis, 1987] . This improved understanding has in turn strengthened the basic underpinnings for more specialized hazards mitigation studies. While no major breakthroughs in approach or methodology in hazard mitigation can be claimed during the past decade or so, improvements in instrumentation, data collection and transmission, and data analysis and interpretation have led to correspondingly more refined techniques of volcano monitoring and eruption forecasting. Below I highlight some geophysical examples of such advances.
Volcano Monitoring
Progress has been greatest in the general area of geophysical methods of volcano monitoring. Reflecting the advances in electronics and computerized data collection, seismic monitoring can now quickly and precisely determine the hypocentral locations (the maximum error is <2 km, but the average is <1 [Tryggvason, 1986] ), and intraplate (e.g., Kilauea [Ryan, 1988] The reliability of a volcanic hazards assessment depends on the quality and abundance of basic geologic data and the time span encompassed by the data base used in the assessment. Progress in hazards assessments in recent decades is measured largely by the fact that they are now becoming increasingly available for volcanoes in the 
Engineering-Oriented Countermeasures
The massive debris avalanche from the May 18, 1980, eruption of Mount St. Helens blocked parts of the preexisting drainage of the north fork of the Toutle River to form natural dams, behind which lakes were formed or enlarged with rainfall and runoff [Meyer et al., 1986] . It was recognized that the failure of these "landslide" dams, which are composed of unconsolidated, easily erodible volcanic debris, could cause catastrophic mudflows and floods, especially during the winter, when rainfall and snowpack are maximum. As an interim emergency measure, the U.S. Army Corps of Engineers, in the fall of 1982, began to control the rise of the level of water behind the largest of these debris dams (Spirit Lake) by bargebased pumping and discharge into outlet channels. The water level of and discharge from Spirit Lake are now regulated by a permanent system of pipe and runnel outlets [Sager and Chambers, 1986 ].
The diversion of lava flows to minimize volcanic hazards has received more attention from the geoscience community than other engineering-oriented measures. Although lava diversion probably will never be a major means of hazards mitigation because of its high costs and enormous legal implications [Decker, 1986] , it may be a viable option under special circumstances [Lockwood, 1988] . (Table  1) . It thus seems useful to briefly review the volcanic disasters and crises in the 1980s [Tilling, 1986] Fortunately, the initial activity of the eruption was relatively mild, and people living on or near the volcano were able to evacuate safely. While there were no reported human fatalities directly attributable to the eruption, the 9-month-long eruption of Galunggung, unusually prolonged by Indonesian standards, was a major volcanic disaster because it caused massive socioeconomic impact and adversely affected the daily lives of more than 600,000 people in West Java. More than 80,000 people were forced to evacuate; most were able to return home, but about 35,000 were left permanently homeless. Many hundreds of homes, schools, and other structures were destroyed; transportation and communications systems were disrupted; and some of the most productive agricultural lands and fishponds (growing fish for food) were ruined and/or threatened by lahars. In all, the total economic loss exceeded 100 million dollars (U.S. currency). While the long duration of the eruption strained the limited scientific resources of the Volcanological 
The Most Pressing Problem
The incidence of human fatalities from volcanic hazards (Table 5) provides one, and perhaps the only, reasonably well documented measure in trying to address the above questions. Still, it must be remembered that the figures given in Table 5 represent an incomplete sampling, largely reflecting a few infrequent but highly destructive events in only a few countries (see Table 1 ). For example, the three At face value the tabulation shows that the average number of fatalities per year for the 1900-1986 period (880) is higher than that for the 1600-1899 period (620). Table 5 , however, does suggest significant improvement in the twentieth century in reducing the incidence of deaths caused by eruption-induced starvation and tsunami. The reduction in fatalities caused by posteruption starvation is real and reflects the existence of modem, rapid communications and disaster relief delivery systems. The apparent reduction in volcano-related tsunami casualties, however, stems from the fortunate fact that no large eruption-triggered tsunami has occurred in this century, even though a highly effective international warning system now exists for tsunami generated by distant events. No improvement is observed in the twentieth century for the number of fatalities associated with pyroclastic flows and mudflows.
Given the advances in volcanology in the twentieth century, the above noted observations are somewhat unexpected. Whether or not the differences in fatality data (Table 5) 3. Volcanic hazards mitigation is inadequate in the densely populated developing regions. While the developing countries suffer the most loss of life, the developed countries incur the greatest economic loss from damage to property [Wijkman and Timberlake, 1984] . For example, more than 99% of the eruption-caused deaths since 1900 occurred in the developing countries or regions (Table 1) .
4. Advances in volcano monitoring, eruption forecasting, and hazards assessment have not been fully factored into effective volcanic emergency planning and management. This failure in part derives from the fact the scientific information generally is still not specific enough about the time, place, and magnitude of an anticipated hazardous event eruption to compel officials to take action.
Even from the limited information available it is abundantly clear that on a global basis, future advances in 27, 2 / REVIEWS OF GEOPHYSICS Till volcanic hazards mitigation should be in the developing countries, especially those in the circum-Pacific "Ring of Fire" [Latter, 1987] . While these countries contain most of the world's high-risk volcanoes, they lack the scientific and monetary resources to undertake the needed fundamental geoscience and volcanic hazards studies.
Simply stated, the most pressing problem in reducing volcanic risk in a global context is that the world's most dangerous volcanoes are the least understood and studied. This problem confronts both developed and developing countries, but it is especially acute for the latter. For the developed countries, tackling the problem would involve shifts in national priorities and the greater allocation of resources to volcanic risk mitigation programs. For the affected developing countries the ideal solution to this problem is to achieve self-sufficiency in volcanology and related socioeconomic capability in hazards mitigation. Such a solution involves a long-term process requiting decades in any realistic scenario. In the interim, geoscientists must work closely with international organizations to create workable, stable international programs of mutual assistance and rapid response during volcanic crises. These programs must also include preparation and/or upgrading of hazards assessments, acquisition of baseline monitoring data, and training/education for scientists, emergency management officials, and the public. Such programs cost relatively little but must be stably funded for long-term continuity to be effective. 
After the Global Positioning System (GPS) is fully
tested and shown to be routinely precise and accurate, it can be used in place of conventional, more labor-intensive, geodetic monitoring. To assure wide application of GPS data for eruption prediction, its costs, including maintenance expenses, must be reduced to be affordable for use in developing nations.
3. Presently, experimental geophysical methods of eruption prediction, including gravity, geomagnetic, and geoelectrical techniques, must be improved and continue to be tested on volcanoes well monitored by other techniques.
4. The equipment presently used for volcano monitoring must be simplified, miniaturized, and made more rugged. Lightweight, sturdy, and easy to use geophysical instruments will simplify volcano monitoring in developing countries, in field situations remote from the luxury of experienced electronic technicians and spare parts.
5. "High-tech" volcano-monitoring methods can be too expensive for developing countries. An emphasis should be made on research leading to "1ow-tech" monitoring techniques, which, though possibly less precise and sensitive, can be applied locally, easily, and inexpensively.
6. Data from monitoring equipment have limited use and may even give false impressions unless adequate means are available to interpret them on a scientific and timely basis. Properly interpreted volcano-monitoring data must be presented immediately to the local civil defense authorities in a way readily understood.
Challenges to the Geoscience Community
Much remains to be learned in understanding how volcanoes work, especially those that characteristically produce explosive eruptions and the most destructive volcanic hazards. Even for the well-studied volcanoes in the developed nations, reliable short-term predictions of explosive eruptions are still not routinely possible. A major scientific challenge confronting volcanologists is the need to develop a reliable method, using pattern recognition in conjunction with newer approaches, to identify the diagnostic precursors of explosive eruptions.
Another serious problem is the lack of reliable criteria for distinguishing between the precursory pattern of an eruption and that of an intrusion. Magma intrusions are often, but incorrectly, considered "false alarms," but they are better termed "aborted eruptions" [Walker, 1982] . Decker [1988] suggests that intrusions may "outnumber eruptions by at least 2 to 1." Currently, the best hope for recognizing the differences, if any, between the precursory indicators of an eruption versus those of an intrusion lies in the careful, continuous monitoring of a volcano through many eruptive, intrusive, and dormant cycles to learn its full range of characteristic patterns. However, this is a process of trial and error, in which the errors can be minimized but probably never eliminated.
The technology to develop a more reliable predictive capability already exists, but the societal resolve and commitment to achieve the objective are lacking. Nonetheless, we must continue to refine existing monitoring techniques, to devise new ones, and to better recognize the onset and the nature of the premonitory signals of renewed eruption at explosive volcanoes. In particular, we must improve the instrumentation and systems to recognize, and to transmit real-time warnings of, dangerous events and products (e.g., lahars) as they occur. An important adjunct to hazards mitigation research is the better characterization of unrest at dormant calderas and its bearing on the probability of renewed caldera-forming eruptions. More than half of the 200 Quaternary calderas considered by Newhall and Dzurisin [1988] in a literature survey apparently exhibited some form of unrest within the past 100 years; such unrest does not necessarily culminate in an eruption, nor does it provide much information about the type and size of the eruption that might occur.
If, as I contend, the most pressing problem in international volcanic hazards mitigation cannot be solved by technological advances alone, but rather by wider application of existing technology to poorly studied volcanoes in densely populated regions, then the major challenges to the geoscience community are as follows:
1. Apart from their "regular" research on volcanic phenomena and/or volcanic hazards studies, scientists in both developed and developing countries must play a much more active and visible part in increasing public awareness of volcanoes and their potential hazards. Peterson [1986, 1988] discusses the role and responsibilities of volcanologists in society and believes [Peterson, 1988, p. 4161] volcanologists have "an ethical obligation to convey effectively their knowledge to benefit all of society." 2. For potentially dangerous volcanoes in regions still not heavily populated or developed, geoscientists must redouble efforts to prepare the most detailed hazards assessments as available data permit. Then they must be willing to work closely with decision makers, to encourage and persuade them to consider the volcanic hazard zonation maps in the development of local or regional land use plans.
3. For volcanically active areas that already are densely populated and have land use patterns fixed by demand, culture, or tradition, the only available options in hazards mitigation are to develop improved monitoring and predictive capabilities to enable scientists to give timely warnings to officials. In addition, the scientists must interact closely with civil authorities to devise and test contingency plans before any volcanic crisis strikes.
4. Geoscientists must try harder to convince decision makers that the convening of more international workshops and symposia to further study the topic of volcanic hazards mitigation would yield diminishing returns. submit that the scope of the problem is sufficiently well defined to lake decisive action to immediately implement programs repeatedly proposed. Monies earmarked for more "talking about" the problem would be better spent to make a hazards zonation map or baseline measurements at a high-risk volcano in a developing country.
5. Higher priority must be placed on the preparation of general interest publications, movie f'llms, videotapes, 6. Scientists in the developed countries must overcome their reluctance to become involved in efforts to promote and develop the needed international programs, to help train scientists from developing countries, and to try to educate officials and the public. This reluctance in part stems from th e perception that these efforts, which generally do not lead to publications in refereed journals, are little appreciated and rarely rewarded within the scientific community. Another large obstacle is that too many scientists believe that their own work is too important to be interrupted for such nonresearch activities, even though for some, their research is funded by hazards reduction programs. Worse still, some scientists are the volcanological equivalents of "ambulance chasers." They are eager to experience the scientific excitement in observing an eruption or studying its impact and fresh eruptive products but unwilling to assume any responsibility in assisting the officials and public affected or to share their information with other scientists who are doing the real work in hazards mitigation.
7. Last but not least, to gain full cooperation from decision makers and the populace, and to maintain credibility in the eyes of the public, geoscientists must better handle the problem of "false alarms" or "crying wolf." As already noted, the occurrence of precursory activity often does not culminate in eruptions, thus compounding this vexing problem, which is not likely to be solved within the foreseeable future. Until distinction between precursory eruptive and intrusive behavior can be made routinely and unambiguously, Banks et al. [1989] make the following recommendation:
It seems prudent to treat every occurrence of unmistakable precursory activity as having the potential for eruption and to advise emergency-response officials accordingly. With this prudent approach, "false alarms" (actually aborted eruptions) will be unavoidable. A current, and much needed, partial solution to the false-alarm problem is to educate the government officials and general public about the probabilistic nature of forecasts and predictions and of the limitations inherent in the scientific information upon which they are based. However, an equally serious challenge ... is to minimize false alarms through more reliable pattern recognition ....
If society wishes to maximize effective response to warnings of volcanic hazards, it must be prepared to accept the unavoidable false alarms. False alarms themselves can provide, through objective assessment of the scientific and public response to a volcanic crisis that ended without eruption, valuable lessons useful in making or improving contingency plans for the next crisis, which could culminate in an eruption.
In summary, the geoscience community itself must become more aware of the urgent need to develop stable long-term international programs needed to address the global problem of volcanic hazards mitigation on a systematic rather than an ad hoc basis. While refinements in methodology and new technologies will be needed to improve hazards assessments and eruption forecasts, significant gains are more likely to be obtained in the near Finally, I wish to dedicate this paper to Donald B. McIntyre, an inspiring teacher who introduced me to the wonders of geology when I was a student at Pomona College, California,
